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Modeling arsenic deactivation through arsenic-vacancy clusters
using an atomistic kinetic Monte Carlo approach
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A comprehensive atomistic model for arsenic in silicon which includes charge effects and is
consistent with first-principles calculations for arsenic-vacancy cluster energies has been developed.
Emphasis has been put in reproducing the electrical deactivation and the annealed profiles in
preamorphized silicon. The simulations performed with an atomistic kinetic Monte Carlo simulator
suggest a predominant role of the mobile interstitial arsenic in deactivation experiments and provide
a good understanding of the arsenic behavior in preamorphized silicon during anneaRg5©
American Institute of PhysicfDOI: 10.1063/1.1948533

Due to the continuous shrinkage of device dimensionsdetailed description of the physical modeling can be found in
superficial silicon layers doped with ever higher arséAis) a recent publicatior"ﬁ Table | summarizes the energetics of
concentrations are required in current semiconductor techthe mobile species involved in As diffusion. The migration
nology. These layers present a higher electrical resistanand binding energies of AsVare consistent with first-
than expected attributed to the As clustering phenomena . principles calculatiorfswhile the position of the AsVelec-
More specifically, many theoretical studiesin addition to  tronic level in the band gap is extracted from well-
recent experimen? have proven the high stability of elec- established deep level transient spectroscopy experirﬁ]ents.
trically inactive As clusters formed by a vacanfy) sur-  Taking into account the high formation energies of V and |, it
rounded by substitutional As atonas,V), with n=2, 3, 4.  can be deduced that the reverse reactions of Eg3.and

In this work, we present a comprehensive atomistic(1d) require a high energy and consequently do not happen at
model for As in Si that, with a reduced set of A&, cluster  the usual annealing temperatures. With the values of Table I,
parameters, can account for As electrical deactivation anthe total intrinsic As diffusion results
reproduce the As behavior in preamorphized As implanta-
tions while being also consistent with first-principles calcu- D= Dagy + Dagi = 14.5 exi— 4.05KT) cné/s (2
lations for the AgV,, cluster energetics. In order to test the
model, simulations were performed with the atomistic ki-
netic Monte Carlo simulatopapos® which allows to incor-
porate the new As model to the previously implemente
models for the rest of the Si phenomena taking place durin
annealing, such as amorphous Ia%/ermd-of range{?»l]},10
and dislocation loops generation/dissolution and As segregz%ﬁe

tion sweep during solid phase epitaxial regrowBPER, cluded. In Fig. 1 the potential energies of the relevant As

without the penalty of an increased computation time. .
Arsenic diffusion is assisted via both, vacancy and inter.clusters are summarized. Note that the most stable clusters

o : : AsV and AsV, whose formation energies are even
stitialcy mechanism§ In order to reproduce it, the model are : ' o -
includes two atomistic mobile configurations, arsenic-féve\r/tiag |§0Iate dsubstltutlonal A{fr:(Aer)l—Epﬁot(_?s;Y )
vacancy pair(AsV) and interstitial arseni¢As;), while the #(V)<0] in good agreement with calculationsTaking

substitutional ASAs,) was considered immobile and electri- into account that in the As case there are two mobile species

cally active. The reactions that control As diffusion are then:(ASV and'A$), the Q|ﬁu5|on—aSS|sted grpwth/ shrlr?kage.of the
clusters is described by the following reactions in the

that is used in the TSuprem-IV simulatdiThe As diffusion
fraction due to interstitials is similar to that measured by
GNIatsumotol.“ The extrinsic As diffusion properly fits the ex-
eriments performed by Fafrat different temperatures and
oncentrations.

On the other hand, in order to reproduce As deactivation,
formation of electrically neutral A¥, clusters was in-

As +V « AsV, (1a)  forward/reverse direction:
Asg+ | — As;, (1b)
As AS; AS3 AS4
0. | o 0
AsV +1 < As,, (10) L1 1 §
AsV Asy)V AssV AsV
As +V « As;, (1d) 13| -35 -4 -45
. . AsnV+ Asi—Asns
where V and | stand for mobile vacancies and self- /I A:n_;sf'\'/: St ) A
interstitials, respectively. “u AS +ASVIASN 75

Moreover, high As concentrations demand a correct de-
scription of extrinsic diffusion. This and other Fermi level FIG. 1. Potential energy majn electron-volts of the As,V, clusters. Ar-

related effects have been recently includedaADos and a rows show the cluster formation path during As deactivation in experiments
from Ref. 16 according to our model. The clusters\Ag that are not indi-
cated are supposed to be more unstdhigh potential energyso they do
dElectronic mail: rutpin@tel.uva.es not appear in these conditions.
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ASVm+V < As\V 1 V trapping/emission, (3)
As\V .+ AsV «— As,.1Vm1  AsV trapping/emission, (4)
ASVp+ 1 AS\V 1 | trapping/emission,  (5)
As\V,+ As — As, Vo1 AS trapping/emission.  (6)

The reverse reaction of the last two expressions conveys

the formation of an I-V pair in the bulk. The generated va-
cancy remains immobilized in the cluster while the intersti-
tial is emitted alondEq. (5)] or combined with an A$Eq.
(6)]. As a consequence, in both cases, an anomalous e
hanced As diffusion assisted by the bulk-generatedhag-
pens.

Notice also that fon=1 andm=0, the AsV, cluster is
substitutional As(Asy) and, in the same way, far=1 and

m=1, the cluster is the mobile AsV. Subsequently, Egs.

(3)<(6) convert into point defect reactions. Some of them
appear in Eq(1). For instance, Eq1a can be deduced from
Eq. (3) with As,V,=As,. The forward reactions of the rest
result in the formation of the smallest A4, clusters: Ag
+AsV«—As,V, AsV+V «— AsV,, AsV+AsV«— As,V,, AsV
+As — As,. Finally, the reaction AgrAs < As,| has not
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FIG. 2. SIMS data of the structures from Ref. 17 consisting of a buried B
layer and an initially fully activated implanted and laser-melt annealed su-
perficial As layer. After 750€ 2 h amealing, SIMS data show large en-
hanced diffusion of the buried B layavapos simulation (lines) properly
reproduces the As and B profiles.

four As atoms to be placed at a small distance in the Si
lattice. Taking into account that the potential energy of,As
As;, and As clusters is the same as substitutional (ase
Fig. 1, during the temperature ramp-up, Aslusters are
generated in the bulk from the substitutional As atoms that

been implemented so that the arsenic-interstitial clusters a@e placed closer to each other than the captsezond

considered to be unstable.

neighbor$ distance. Once the AsAs; and Asg clusters

In order to reproduce As deactivation, the experimentdiave appeared, the reverse reacti®nis energetically more
reported by Rousseaet all®'” about As deactivation are favorable, especially in the case of Asand AsV forma-
very useful because in them electrical deactivation is isolatetion. Therefore, these reactions take place, generating inter-
from implant damage kinetics. These experiments reveastitials that diffuse, interact with substitutional As atoms and
that, in the first stages, As deactivation is fast and generatderm As. The mobile Asincrease As diffusion and join the
a high concentration of self-interstitials that enhances As difalready formed Ag/ clusters producing their growth, ac-
fusion. It is proposed that arsenic deactivation could be procording to the forward6) and reversg5) reactions, follow-
duced by the formation of A¥ clusters with the injection of ing the solid arrows shown in Fig. 1. Note that, although the
an | into the bulk. These authors also claim that the samédifference between the potential energies of\Aand As,.,
process would take place during any As deactivation whethes high, there is no barrier energy for the forward reaction
it be previously deactivated and reactivated arsémicfol-  (6). In fact, this reaction implies -V recombination, being
lowing solid phase regrowtt. the energy of the process negatille=Exs  —Easv+Epas

In Fig. 2, the experimental structure from Rousseau -E;—E;,). In Fig. 3 the temporal evolution fo the experi-
al.'® and itspADOs simulation are shown. The structure con- mental and simulated deactivated As concentration are plot-
sists of a buried boron layer as an interstitial detector and &d. From the simulation, it can be observed that after 2 h
fully activated high concentration4.5x10?°cm®) As  annealing, most of the inactive As remains as;\Asand
doped laser melt annealed surface layer. Dopant profileAs,V, being the average number of As surrounding a va-
were measured by secondary ion mass spectroS@&IMS).  cancy 3.4, in good agreement with Lawttegial.” who found
Our model is able to reproduce the temporal evolution of théoy positron annihilation experiments that the average number
whole process. At the beginning, all the arsenic atoms aref As atoms surrounding a vacancy32. It is also impor-
electrically active. Therefore, in the simulations, the As at-tant to point out that after approximately 1 min annealing,
oms are supposed to stay initially in substitutional positionsthe concentration of thermally generated vacancies starts to
Assuming a randomized As atoms distribution, for this highbe noticeable and also contribute to the As deactivation in
As concentration there is a high probability of two, three, orthe following way: vacancies join the substitutional As form-

TABLE I. Atomistic parameters of the species involved in As diffusion. The superscript denotes the charge state of the defect. Diffusivitiesrnaticmsc
in equilibrium conditions relate to the general foPy=D - exd—E/KT) cnm?/s and[X] =[X°]" - exg—E/kT) cn3, respectively. The temperature depen-
dence of deep levels and binding energies can be found in Ref. 12.

v e VO v* v I- 10 I+ AsV-  AsV®  AsV* A As
Dpo(X 1073 cn?/s) 1 1 1 1 1 5 5 5 0.21 0.21 0.21 4 4
E(eV) 0.4 0.4 0.4 0.6 0.8 1 1 1 1.6 1.3 1.3 1.4 1.4
e—6,(T=0)(eV) 1.06 0.6 0.03 0.13 1 0.4 0.77 0.3 0.1
[XOT" (X 1075 cmi®) 8.5 529
Eq(eV) 3.8 3.8
E,(T=0)(eV) 1.6 1.3 1.01 1 0.1
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FIG. 3. Experimentalfilled symbol$ and simulatedopen symbolstime Depth (nm)
evolution of | supersaturatioftriangles and electrically deactivated As con- ) ) o
centration(square} corresponding to the experiment shown in Fig. 2. FIG. 4. SIMS data from Ref. 2(6symbolg and simulation(solid line) of 2

keV, 10%cm? As profiles implanted into preamorphized & keV,
10 cm™2 Ge) and annealed at 700 °C for 2 h. Notice that the simulated
ing AsV that diffuse and combine with substitutional As interface is located at 12 nm from the surface, in good agreement with

forming As,V, as it is shown in Fig. {dotted arrow. After ~ measurementels nm.

this step, the deactivation follows the same path explained

before, being assisted by the mobile; As silicon. With such a model As rapid electrical deactivation
Taking into account that the electrical solubility of As at can be fairly reproduced and it can be also extended to

the experiment temperaturexi10?’ cm 3 (1), it can be seen preamorphized high As concentration implants.

that after 16 h annealing the As deactivation has not finished . . .

yet and that would go on at a much slower rate. Finally, This Wotrk hgs bser) p?rlﬂallyBT:lf\;)gg(r)tle%ZbSyothedSpbantIks]h

notice that the simulation overestimates the deactivated Ag°VErNMeNt under Froject o. i ) and by the

concentration for the first 15 s of the annealifidg 3). In astilla y Leon regional Government under Project No. VA-

fact, in our simulations, the formation of the clusters, As 010/02.
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